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SOLAR CELLS WITH A BARRIER LAYER
BASED ON POLYSILAZANE

The present invention relates to a chalcopyrite solar cell
comprising a substrate, a photovoltaic layer structure and an
intermediate dielectric barrier layer. The dielectric barrier
layer arranged between the substrate and the photovoltaic
layer structure is electrically insulating, and shields the pho-
tovoltaic layer structure from extraneous atoms which diffuse
out of the substrate and can impair the efficiency of the solar
cell. The solar cells of the present invention are especially
thin-film solar cells with a photovoltaic layer structure of the
copper indium sulfide (CIS) or copper indium gallium
selenide (CIGSe) type.

The invention further relates to a process for producing
solar cells based on chalcopyrite. In the course of the process,
a barrier layer with a thickness in the range from 100 to 3000
nm is obtained by hardening a solution of polysilazanes and
additives at a temperature in the range from 20 to 1000° C.,
especially 80 to 200° C.

In view ofthe scarcity of fossil resources, photovoltaics are
gaining great significance as a renewable and environmen-
tally sound energy source. Solar cells convert sunlight to
electric current. Crystalline or amorphous silicon is the pre-
dominant light-absorbing semiconductive material used in
solar cells. The use of silicon is associated with considerable
costs. In comparison, thin-film solar cells with an absorber
composed of a chalcopyrite material, such as copper indium
sulfide (CIS) or copper indium gallium selenide (CIGSe), can
be produced with significantly lower costs.

It is a very general requirement for rapid widening of
photovoltaic use to improve the cost-benefit ratio of photo-
voltaic energy generation. For this purpose, it is desirable
firstly to increase the efficiency of solar cells, and secondly to
lower the production costs.

By monolithic interconnection, the efficiency of chalcopy-
rite solar modules can be increased. A solar module with
monolithic interconnection consists of a multitude of separate
solar cells which are arranged alongside one another on the
substrate and are electrically connected to one another in
series. For the purpose of monolithic interconnection, firstly
the rear contact and secondly the photovoltaic layer structure
are divided according to a predefined pattern—generally in
the form of stripes. The structuring of the rear contact—
known as the P1 section—requires an electrically insulating
substrate. The P1 section is preferably undertaken by evapo-
rating the rear contact along defined separation lines by
means of a focused laser beam.

The carrier materials used for chalcopyrite solar cells are
glass or substrate foils composed of metal or polyimide. In
this context, glass is found to be advantageous since it is
electrically insulating, has a smooth surface and, during the
production of the chalcopyrite absorber layer, provides
sodium which diffuses out of the glass into the absorber layer
and, as a dopant, improves the properties of the absorber
layer. Disadvantages of glass are its high weight and lack of
flexibility. More particularly, glass substrates, owing to their
stiffness, cannot be coated in inexpensive roll-to-roll pro-
cesses.

A further disadvantage of glass is that, even in the later use
of the solar cell, sodium still diffuses into the chalcopyrite
absorber layer, and the concentration accumulated over a
prolonged period can attain a value at which the chalcopyrite
absorber layer is damaged—inter alia as a result of advanced
crystal growth.

Foil-type substrates composed of metal or plastic are
lighter than glass and in particular are flexible, such that they
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are suitable for the production of solar cells by means of an
inexpensive roll-to-roll process. However, metal or polymer
foils, according to their properties, can adversely affect the
property of the chalcopyrite layer composite, and addition-
ally do not possess a sodium depot for absorber doping.
Owing to the elevated temperatures (in some cases >500° C.)
to which the substrate is exposed during the production of the
chalcopyrite solar cells, preference is given to using metal
foils composed of steel or titanium.

For the purpose of monolithic interconnection of solar cells
on titanium or steel substrates, an electrically insulating layer
has to be introduced between the substrate and the photovol-
taic absorber. The insulating layer should additionally act as
a diffusion barrier in order to prevent the diffusion of metal
ions out of the substrate, which can damage the absorber
layer. For example, iron atoms diffusing out of steel can
increase the recombination rate of charge carriers (electrons
and holes) in chalcopyrite absorber layers, which decreases
the photocurrent.

In numerous silicon-based electronic components and
solar cells composed of amorphous or microcrystalline sili-
con, silicon oxide (Si0O,) is used as the material for insulating
or dielectric layers. Such SiO,, layers are deposited from the
vaporous or liquid phase on a substrate such as a silicon wafer.
The deposition is effected preferably by means of CVD,
microwave plasma-enhanced CVD (MWPECVD), PVD
(magnetron sputtering) or a sol-gel process.

Owing to the complex vacuum apparatus, CVD and PVD
processes are associated with high costs, and the SiO, layers
obtained have a low adhesion and low mechanical strength on
some substrate materials, especially on metals. In addition,
gas phase deposition entails the use of inflammable and/or
toxic gases such as SiH,, CH,, H,, NH,,

SiO, layers produced by means of sol-gel processes also
have a low adhesion on metallic substrates. In addition, the
lifetime of sol-gel materials is so short that characteristic
material properties can change considerably even in the
course of brief storage, and the quality of the layers thus
produced varies greatly.

The prior art further discloses SiO, layers which are
obtained from polysilazane and are used in solar cells for the
purpose of passivation or for encapsulation.

For instance, U.S. Pat. No. 7,396,563 discloses the depo-
sition of dielectric and passivating polysilazane layers by
means of PA-CVD, using polysilanes as CVD precursors.

U.S. Pat. No. 4,751,191 teaches the deposition of polysi-
lazane layers for solar cells by means of PA-CVD. The result-
ing polysilazane layer is structured photo-lithographically
and serves for masking of metallic contacts and as an anti-
reflection layer.

In view of the prior art, the present invention has for its
object to provide chalcopyrite solar cells with a dielectric
barrier layer which consists essentially of SiO,, and an inex-
pensive process for production thereof. More particularly, the
inventive barrier layer should have a high diffusion barrier
action and ensure electrical insulation in conjunction with
good adhesion on glass or flexible substrates composed of
metal or plastic, and have a low density of defects such as
holes and cracks.

This object is achieved by a chalcopyrite solar cell com-
prising a substrate, a photovoltaic layer structure and an inter-
mediate dielectric barrier layer based on polysilazane.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a perspective view of a section through an
inventive solar cell, and
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FIG. 2 is a graphical depiction of reflectivity vs. wave-
length.

The invention is illustrated in detail hereinafter with refer-
ence to a figure. FIG. 1 shows a perspective view of a section
through an inventive solar cell 10 comprising a substrate 1, a
barrier layer 2 and a photovoltaic layer structure 4. The solar
cell 10 is preferably configured as a thin-film solar cell and
has a photovoltaic layer structure 4 of the copper indium
sulfide (CIS) or copper indium gallium selenide (CIGSe)
type.

Characteristic features of developments of the inventive
solar cell 10 are that:

the photovoltaic layer structure 4 comprises a rear contact

41 composed of molybdenum, an absorber 42 of the
composition CulnSe,, CulnS,, CuGaSe,, Culn,_
x(Ga,Se, where 0<x=<0.5 or Cu(InGa)(Se,_,S ), where
O<y=1, abuffer 43 composed of CdS, a window layer 44
composed of ZnO or ZnO:Al, and a front contact 45
composed of Al or silver;

the substrate 1 consists of a material comprising metal,

metal alloys, glass, ceramic or plastic;

the substrate 1 is in the form of a foil, especially in the form

of a steel or titanium foil;

the barrier layer 2 consists of a hardened solution of pol-

ysilazanes and additives in a solvent which is preferably
dibutyl ether;
the barrier layer 2 contains sodium or comprises a sodium-
containing precursor layer 21;

the barrier layer 2 has a thickness of 100 to 3000 nm,
preferably of 200 to 2500 nm and especially of 300 to
2000 nm;

the barrier layer 2 has a specific volume resistivity mea-
sured to DIN IEC 60093 of greater than 1-10° MQ-cm,
preferably greater than 1-10'° MQ-cm and especially
greater than 1-10'! MQ-cm;
the barrier layer 2 on the substrate 1, especially on steel and
titanium foil, has an adhesive strength measured to DIN
EN ISO 2409 with an adhesive tape width of 20 mm of
greater than 5 N, preferably greater than 7 N and espe-
cially greater than 10 N;

the solar cell 10 comprises an encapsulation layer 5 which
consists of a hardened solution of polysilazanes and
additives in a solvent;

the barrier layer 2 and optionally the encapsulation layer 5

have been produced from polysilazanes of the formula I

—(SiR'R"—NR")n- D

where R', R", R™ are the same or different and are each
independently hydrogen or an optionally substituted
alkyl, aryl, vinyl or (trialkoxysilyl)alkyl radical, where n
is an integer and is such that the polysilazane has a
number-average molecular weight of 150 to 150,000
g/mol, preferably of 50,000 to 150,000 g/mol, and espe-
cially of 100,000 to 150,000 g/mol;
and
at least one polysilazane is selected from the group of the
perhydropolysilazanes where R', R" and R™'=H.
The process for producing the inventive solar cells com-
prises the following steps a) to g):
a) coating a substrate composed of metal, metal alloys, glass,
ceramic or plastic with a solution comprising at least one
polysilazane of the formula (I)

—(SiRR"—NR")n-(I)

where R', R", R™ are the same or different and are each
independently hydrogen or an optionally substituted alkyl,
aryl, vinyl or (trialkoxysilyl)alkyl radical, where n is an
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integer and is such that the polysilazane has a number-

average molecular weight of 150 to 150,000 g/mol, pref-

erably of 50,000 to 150,000 g/mol, and especially of 100,

000 to 150,000 g/mol,

b) removing the solvent by evaporation to obtain a polysila-
zane layer having a thickness of 100 to 3000 nm, preferably
01200 to 2500 nm and especially of 300 to 2000 nm on the
substrate,

c)optionally repeating steps a) and b) once or more than once,

d) hardening the polysilazane layer by 1) heating to a tem-
perature in the range from 20 to 1000° C., especially 80 to
200° C., and/or ii) irradiating with UV light having wave-
length components in the range from 180 to 230 nm, the
heating and/or irradiation being effected over a period of 1
min to 14 h, preferably 1 min to 60 min and especially 1
min to 30 min, preferably in an atmosphere of water vapor-
containing air or nitrogen,

e) optionally further hardening the polysilazane layer at a
temperature of 20 to 1000° C., preferably 60 to 130° C., in
air having a relative humidity of 60 to 90% over a period of
1 min to 2 h, preferably 30 minto 1 h,

1) applying a photovoltaic layer structure based on chalcopy-
rite,

and

g) optionally applying an encapsulation layer to the photo-
voltaic layer structure according to steps a) to e).

In advantageous configurations of the process according to
the invention, a polysilazane solution used for coating com-
prises one or more of the following constituents:

at least one perhydropolysilazane where R', R" and R"'=H;

a catalyst, and optionally further additives;

sodium, preferably in the form of sodium acetate or sodium

tetraborate.

Alternatively to an addition of sodium compounds to the
polysilazane solution, process step d) or optionally e) is fol-
lowed, i.e. the application of the photovoltaic layer structure
in step 1) is preceded, by deposition of a sodium-containing
precursor layer on the polysilazane layer, preferably by vapor
deposition of sodium fluoride.

Preference is given in accordance with the invention to a
substrate configured as a flexible web, which enables produc-
tion of the chalcopyrite solar cells in a roll-to-roll process.

In the polysilazane solutions used to produce the inventive
barrier layers, the proportion of polysilazane is 1 to 80% by
weight, preferably 2 to 50% by weight and especially 5 to
20% by weight, based on the total weight of the solution.

Suitable solvents are especially organic, preferably aprotic
solvents which do not contain any water or any reactive
groups such as hydroxyl or amino groups, and are inert
toward the polysilazane. Examples are aromatic or aliphatic
hydrocarbons and mixtures thereof. Examples include ali-
phatic or aromatic hydrocarbons, halohydrocarbons, esters
such as ethyl acetate or butyl acetate, ketones such as acetone
or methyl ethyl ketone, ethers such as tetrahydrofuran or
dibutyl ether, and also mono- and polyalkylene glycol dialkyl
ethers (glymes) or mixtures of these solvents.

Additional constituents of the polysilazane solution may
be catalysts, for example organic amines, acids, and metals or
metal salts or mixtures of these compounds which accelerate
the layer formation process. Suitable amine catalysts are
especially N,N-diethylethanolamine, N,N-dimethylethano-
lamine, N,N-dimethylpropanolamine, triethylamine, trietha-
nolamine and 3-morpholinopropylamine. The catalysts are
used preferably in amounts 0of 0.001 to 10% by weight, espe-
cially 0.01 to 6% by weight, more preferably 0.1 to 5% by
weight, based on the weight of the polysilazane.
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Further constituents may be additives for substrate wetting
and film formation, and also inorganic nanoparticles of
oxides such as Si0,, TiO,, ZnO, ZrO, or Al,O;.

To produce the inventive barrier layers, a polysilazane
solution of the above-described composition is applied by
conventional coating processes, for example by means of
spray nozzles or a dipping bath, to a substrate, preferably to a
steel foil, and optionally smoothed with an elastic coating bar,
in order to ensure a homogeneous thickness distribution or
material coverage on the substrate. In the case of flexible
substrates such as foils of metal or plastic which are suitable
for roll-to-roll coating, it is also possible to use slot dies as an
application system for the attainment of very thin homoge-
neous layers. Thereafter, the solvent is evaporated. This can
be accomplished at room temperature or, in the case of suit-
able driers, at higher temperatures, preferably of 40 to 60° C.
in the roll-to-roll process at speeds of >1 m/min.

The step sequence of the coating with polysilazane solu-
tion followed by evaporation of the solvent is optionally
repeated once, twice or more than twice, in order to obtain a
dry unhardened (“green”) polysilazane layer with a total
thickness of 100 to 3000 nm. By repeated passage through the
step sequence of coating and drying, the content of solvent in
the green polysilazane layer is greatly reduced or eliminated.
This measure allows the adhesion of the hardened polysila-
zane film to be improved on difficult substrates such as steel
or titanium foils. A further advantage of repeated coating and
drying is that any holes or cracks present in individual layers
are substantially covered and closed, such that the number of
electrical insulation defects on conductive substrates such as
steel or titanium foils is lowered significantly. Electrical insu-
lation defects are caused predominantly by mechanical
defects on the surface of the steel or titanium foils, such as
rolling grooves or adhering sharp-edged particles which can
penetrate a thin (single-ply) polysilazane layer.

The dried or green polysilazane layer is converted to a
transparent ceramic phase by hardening at a temperature in
the range from 100 to 180° C. over a period 0of 0.5to 1 h. The
hardening is effected in a convection oven which is operated
either with filtered and steam-moistened air or with nitrogen.
According to the temperature, duration and oven atmo-
sphere—steam-containing air or nitrogen—the ceramic
phase has a different composition. When the hardening is
effected, for example, in steam-containing air, a phase of the
composition SiN,H,O,C, where x>v; v<l; 0<x<1.3;
O=w=2.5 and y<0.5 is obtained. In the case of hardening in a
nitrogen atmosphere, in contrast, a phase of the composition
SiN,H,,0,C, where v<1.3;x<0.1;0<2.5 and y<0.2 is formed.

The polysilazane layers obtained in such a way have elec-
trical defect densities of less than 0.01 cm™2, preferably less
than 0.005 cm ™2, and especially less than 0.002 cm™2. In this
case, the electrical defect density is determined by applying
by vapor deposition or sputtering an aluminum film of thick-
ness 1 to 3 um to a steel foil (Hamilton SS420 steel) provided
with an inventive polysilazane layer. By means of a laser
cutting device, ten areas of the aluminum film, each of about
10x10 cm? in size, are then divided into 100 adjacent square
measurement fields which are electrically insulated from one
another and each have an area of 1x1 cm?, and the electrical
resistance between the steel foil and each of the total of 1000
measurement fields in the aluminum film is determined by
means of an ohmmeter. If the resistance measured on a mea-
surement field is less than 100 kQ, the measurement field in
question is considered to be affected by an electrical defect
and is rated with a defect density of 1 cm™2. By forming the
mean over all 1000 measurement fields, the electrical defect
density is calculated.
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The photovoltaic layer structure based on chalcopyrite is
produced by known processes. For this purpose, a rear contact
composed of a molybdenum layer of thickness about 1 pum is
first deposited by means of DC magnetron sputtering on the
inventive barrier layer composed of polysilazane, and prefer-
ably structured for a monolithic interconnection (P1 section).
The division of the molybdenum layer into strips, which is
required for this purpose, is undertaken with a laser cutting
device. As discussed at the outset, the efficiency of chalcopy-
rite solar cells can be increased considerably by monolithic
interconnection.

Chalcopyrite absorber layers are conventionally deposited
by means of processes such as CVD, PVD and rapid thermal
processing (RTP), the temperature of the solar cell assuming
values between 450 and 600° C. This may result in isolated
instances of delamination between the polysilazane layer and
the rear contact composed of molybdenum, or between the
rear contact and the chalcopyrite absorber layer. According to
the invention, these delaminations caused by thermal stresses
are avoided by keeping the temperature of the solar cell within
a range from 360 to a maximum of 400° C. during the depo-
sition of the chalcopyrite absorber layer. The absorber layer is
preferably prepared in a 3-stage PVD process at a pressure of
about 3-107% mbar. The total duration of the PVD process is
about 1.5 h, in the course of which the substrates assume a
maximum temperature below 400° C.

Thereafter, the delamination can be counteracted by curing
the polysilazane layer once more before the deposition of the
molybdenum rear contact. This “post-curing” is effected
especially at a temperature around 85° C. in air with a relative
moisture content of 85% over a period of 1 h. Spectroscopic
analyses show that the post-curing significantly lowers the
nitrogen content of the polysilazane layer.

The CdS buffer layer is deposited by wet-chemical means
at a temperature of about 60° C. The window layer composed
of'i-ZnO and aluminum-doped ZnO is deposited by means of
DC magnetron sputtering.

Inaparticularly preferred embodiment of the invention, the
barrier layer is provided with a sodium depot. Sodium acetate
is preferably added to the polysilazane solution used to pro-
duce the barrier layer. In a further alternative embodiment,
deposition of the molybdenum rear contact is preceded by
vapor deposition of a layer of sodium fluoride of thickness 5
to 20 nm on the cured polysilazane layer. The doping with
sodium increases the efficiency of the inventive solar cells by
more than 60% compared to conventional chalcopyrite refer-
ence cells, as shown by the following comparison of test
results:

Voc Lsc Isc FF n
Substrate [mV] [mA] [mA/cm?] [%] [%]
Steel/Mo 420 14.6 29.2 39.7 4.9
(Reference 1)
Steel/Cr/Mo 349 22.6 45.2 29.4 4.6
(Reference 2)
Steel/polysilazane + 468 17.7 354 49.7 8.3

Na*/Mo (inventive)

*Sodium acetate

In the above table, V. denotes the open-circuit voltage,
I the short-circuit current, J . the short-circuit current den-
sity, FF the fill factor and m the efficiency. The numerical
values reported in the table represent the mean of test series
each with 8 solar cells, the chalcopyrite absorber layers of all
24 solar cells having been produced by the same process.
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The features of the invention disclosed in the above
description, in the claims and in the drawings, either individu-
ally or in any desired combination, may be essential for the
implementation of the invention in its different embodiments.

The invention claimed is:

1. A process for producing a chalcopyrite solar cell, com-
prising the steps of:

a) coating a substrate composed of metal, metal alloys,

glass ceramic or plastic with a solution comprising at
least one polysilazane of the formula (I)

—(SiR'R"—NR")n- D

where R', R", R" are the same or different and are hydrogen
or an optionally substituted alkyl, aryl, vinyl or (tri-
alkoxysilyl)alkyl radical, where n is an integer and is
such that the at least one polysilazane has a number-
average molecular weight of 150 to 150,000 g/mol,

b) removing the solvent by evaporation to obtain a polysi-
lazane layer having a thickness of 100 to 3000 nm, on the
substrate,

¢) optionally repeating steps a) and b) once or more than
once

d) hardening the polysilazane layer by i) heating to a tem-
perature in the range from 20 to 1000° C., ii) irradiating
with UV light having wavelength components in the
range from 10 to 230 nm or both, the heating irradiation
or both is effected over a period of 1 min to 14 h,

e) further hardening the polysilazane layer at a temperature
0120 to 1000° C., in air having a relative humidity of 60
to 90% over a period of 1 min to 2 h,

) applying a photovoltaic layer structure based on chal-
copyrite, and

g) applying an encapsulation layer to the photovoltaic layer
structure according to steps a) to e).

2. The process as claimed in claim 1, wherein the polysi-
lazane solution comprises at least one perhydropolysilazane
where R', R" and R"™=H.

3. The process as claimed in claim 1, wherein the polysi-
lazane solution comprises a catalyst, and optionally further
additives.

4. The process as claimed in claim 1, wherein the polysi-
lazane solution contains sodium.
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5. The process as claimed in claim 1, wherein step d) or ¢)
is followed by deposition of a sodium-containing precursor
layer on the polysilazane layer.

6. The process as claimed in claim 1, wherein the chalcopy-
rite solar cell is manufactured on a flexible weblike substrate
in a roll-to-roll process.

7. The process as claimed in claim 1, wherein the at least
one polysilazane has a number-average molecular weight of
50,000 to 150,000 g/mol.

8. The process as claimed in claim 1, wherein the at least
one polysilazane has a number-average molecular weight of
100,000 to 150,000 g/mol.

9. The process as claimed in claim 1, wherein the polysi-
lazane layer has a thickness of 200 to 2500 nm.

10. The process as claimed in claim 1, wherein the polysi-
lazane layer has a thickness of 200 to 2500 nm on the sub-
strate.

11. The process as claimed in claim 1, wherein the polysi-
lazane layer has a thickness of 300 to 2000 nm on the sub-
strate.

12. The process as claimed in claim 1, wherein the hard-
ening step of the polysilazane layer takes place at a tempera-
ture in the range of 80 to 200° C.

13. The process as claimed in claim 1, wherein the heating,
irradiation or both is effected over a period of 1 min to 60 min.

14. The process as claimed in claim 1, wherein the heating,
irradiation or both is effected over a period of 1 min to 30 min.

15. The process as claimed in claim 1, wherein the heating,
irradiation or both is conducted in an atmosphere of water
vapor-containing air or nitrogen.

16. The process as claimed in claim 1, wherein the option-
ally further hardening of the polysilazane layer takes place at
a temperature between 60 and 130° C.

17. The process as claimed in claim 1, wherein the option-
ally further hardening of the polysilazane layer takes place
over a period of 30 min to 1 h.

18. The process as claimed in claim 1, wherein the sodium
is in the form of sodium acetate or sodium tetraborate.

19. The process as claimed in claim 5, wherein the depo-
sition of a sodium-containing precursor layer is accomplished
by vapor deposition of a sodium fluoride.
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